Intr oduction
[2] The continental lithosphere of Canada contains a record of tectonic events that have shaped the region over the last 4 Gyr, from the ancient orogens that formed the cratonic core to ongoing deformation of the more juvenile accreted terranes of the Canadian Cordillera. This area, which extends for > 3000 km between the Atlantic and Pacific Oceans and a similar distance north-south (Figure 1 ), can be divided into three major geological domains: orogenic belts (the tectonically active Cordillera in the west and the inactive Appalachian and Innuitian in the east and north, respectively), the central Archean shield, and the surrounding younger platforms (including sedimentary basins underlain by Archean rocks) [e.g., Fulton, 1989; Vincent, 1989; Wheeler et al., 1997] . Present-day tectonic activity occurs mainly in the west in the Cordillera, where subduction of the Juan de Fuca and Explorer plates beneath the North America plate takes places in the south and mainly strike-slip motion between North America and the Pacific plate takes place further north (Figure 1 ). The last tectonic events in the east Appalachian and Arctic Innuitian regions were the Taconic orogeny in the Early Paleozoic and the Eurekan orogeny in the Early Paleocene, respectively [Okulitch and Trettin, 1991; Williams, 1979] . The tectonic history of Canada thus varies dramatically from west to east, and there are associated significant variations in lithospheric structure as explored in this study.
[3] Global and regional tomographic studies using earthquake sources have identified the systematic seismic velocity differences between the continent' s cratonic center and the Additional supporting information may be found in the online version of this article.
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Cordillera and Cascadia subduction zone in the west [Dalton et al., 2009; Lebedev and van der Hilst, 2008; Lekic and Romanowicz, 2011; Mercier et al., 2009; Simmons et al., 2010; van der Lee and Frederiksen, 2005 , and references therein]. The lateral transition from high upper mantle velocities associated with the cold craton to lower velocities beneath the hot Cordillera is abrupt [e.g., Hyndman and Lewis, 1999] , but geographically complex [e.g., Bank et al., 2000; Bensen et al., 2008; Frederiksen et al., 1998; Mercier et al., 2009; van der Lee and Frederiksen, 2005] . Similarly, variations in crustal thickness across the continent have been extensively documented, with average to thick (40-45 km) crust in the craton and other stable areas in the middle of the continent [e.g., Cook et al., 2010; Ma et al., 2012; Mooney et al., 1998; Perry et al., 2002] and thin (~35 km) crust beneath the Cordillera [Clowes et al., 2005; Mooney et al., 1998; Perry et al., 2002] . Numerous studies have addressed aspects of the seismic and thermal structures of various parts of the Canadian Shield [e.g., Audet and Mareschal, 2004; Cheng et al., 2002; Frederiksen et al., 2007; GuillouFrottier et al., 1996; Mareschal et al., 2005; Perry et al., 2006; Shapiro et al., 2004b , and references therein] and the Cordillera [e.g., Cassidy, 1995; Frederiksen et al., 1998; Hyndman et al., 2005; Mercier et al., 2009] . However, a detailed understanding of exactly how the transitions in seismic velocity and crustal thickness from craton to Cordillera are accommodated requires a consistent and systematic approach spanning the entire region.
[4] Ambient seismic noise tomography has recently become a well-established velocity mapping technique [e.g., Behr et al., 2011; Bensen et al., 2009; Fulton, 1989; Ritzwoller et al., 2011; Sabra et al., 2005; Shapiro et al., 2005; Tibuleac et al., 2011; Wapenaar et al., 2008] . One of its advantages over traditional earthquake-based tomographic methods is that it does not rely on heterogeneously distributed earthquake sources. Moreover, due to the high-frequency spectral content of the ambient noise used, this technique is particularly well suited to high-resolution imaging of velocity structures at crustal and uppermost mantle depths [Behr et al., 2011; Lin et al., 2007 Lin et al., , 2008 . Its recent widespread adoption has been promoted by the rapid expansion of global, regional, and local broadband seismograph networks. Efficient seismic data management and distribution, as well as increasing computational capacity, have also only recently made possible the processing of the large volumes of ambient seismic noise data involved.
[5] Using ambient noise records from Canada and adjacent parts of the United States and Greenland (Figure 2 ), the goal of this study is to establish the crust and upper mantle velocity structure at a resolution as high as the local and regional data permit and to investigate all the geological provinces with the same methodology and processing procedures. Based on the surface wave tomographic results obtained, we then estimate the 3-D shear velocity (V s ) distributions to uppermost mantle depths. We focus mainly on crustal and uppermost mantle structures with special emphasis on the topography and character of the Moho discontinuity. Finally, we address how abruptly crustal velocity and thickness vary among the geological provinces and discuss the tectonic implications of these variations.
Figur e 1. Topography map of Canada showing major geological and tectonic settings. Thick purple lines mark the boundaries between the Canadian Shield, where the Archean craton is exposed, and stable platforms, where sedimentary rocks are underlain by the craton. Thick red lines mark the boundaries between stable platforms and orogenic belts. Jdf: Juan de Fuca plate; ExP: Explorer plate; QCF: Queen Charlotte fault.
Figur e 2. (a) Station distribution and raypath coverage and (b) density of our data set. The color of the raypath varies with the interstation distance (black indicates the longest paths, white indicates the shortest) to better depict the path coverage of different regions. Each blue triangle corresponds to one seismograph station. Red triangles mark the location of stations discussed in the text and subsequent figures.
Data and Analysis
[6] In this section, we first describe the ambient noise data used in our analysis, followed by an introduction to the data processing procedures, tomographic inversion, and the conversion of surface wave results obtained at different periods to 3-D shear wave velocities.
Ambient Seismic Noise Data
[7] Continuous digital broadband seismic waveforms recorded by the Canadian National Seismograph Network (CNSN) and the Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity (POLARIS) between 2003 and 2009 constitute the core component of our data set. To improve velocity resolution near the boundaries of the main study area, we also used broadband waveforms from stations north of 40°N within the United States, mainly from the United States Advanced National Seismic System and the dense temporary United States Transportable Array (USArray). We also used stations east of 150°W in Alaska (mainly the Alaska Regional Seismic Network) and along the western coastline of Greenland (included as part of the Global Seismic Network). We further included stations of the Canadian High Arctic Seismic Monitoring Experiment (CHASME) to provide critical data coverage for the Arctic north. Figure 2 shows the station distribution of our data set, the corresponding raypath coverage, and the distribution of raypath density for each 1°× 1°area.
[8] CNSN, POLARIS, and CHASME waveform archives were obtained from the CNSN Data Center, whereas the other data were obtained from the Data Management Center of the Incorporated Research Institutions for Seismology (IRIS). The combined data set include records from 843 stations covering a time window of 2557 days. Because not all stations operated at the same time, especially those of the USArray, it is not possible to have a complete combination of all station pairs for any given day. On average, our data set has half to two thirds of the stations represented on any 1 day.
Seismic Wavefor m Pr ocessing
[9] We follow the procedures outlined by Bensen et al. [2007] to process the waveform data. For each station, the vertical component waveforms are first split into 1 day segments, followed by the subtraction of the mean and trend, removal of the instrument response, time-domain normalization using the running-absolute-mean method, and spectral whitening. Cross-correlation functions (CCFs) were calculated for the daily waveforms for each station pair. We employ a two-stage stacking scheme, first monthly then total, to accommodate the large volume of data. On average, each station yields more than 12,000 monthly CCFs. For some long-running stations, the number of CCFs exceeds 25,000.
[10] Figure 3 shows four representative examples from CNSN stations of final stacked CCF. Because of the large Figur e 3. Representative examples of stacked cross-correlation functions from continuous ambient seismic noise data. For each 100 km distance interval, only the trace with the highest signal-to-noise (SNR) ratio, defined as the ratio between the largest absolute amplitude and the mean absolute amplitude, is plotted. No filter is applied to waveforms. High-pass filtered (corner frequency at 0.1 Hz) and low-pass filtered (corner frequency at 0.02 Hz) plots are provided in the supporting information (Figures S1 and S2, respectively) for readers who are interested in assessing the data quality at different frequency ranges. Locations of stations are shown in Figure 2 .
number of samples, we plot only the trace with the highest signal-to-noise (S/N) ratio for each 100 km distance interval. For the two example stations on the east and west coasts (station codes LMN and PGC, respectively; Figures 3a and 3b), the Rayleigh wave moveout can be clearly observed across the continent to offsets of more than 5000 km. For the example stations located in the northwest (INK) and southeast (ACTO), the moveout spans more than 4000 km (Figures 3c and 3d ). All four stations show pronounced differences between the causal (positive) and acausal (negative) branches of the CCF, which are most likely due to azimuthally biased noise source distributions [e.g., Stehly et al., 2006] .
Disper sion Measur ement
[11] The positive and negative branches of the correlation function are averaged to give the symmetric component, which is used to estimate Rayleigh wave dispersion curves [Bensen et al., 2007] . The commonly used frequency-time analysis (FTAN) with phase-matched filtering ] is applied to track the dispersion ridge from the spectral image and to minimize the effects of spurious Figur e 4. Representative examples of stacked cross-correlation functions using various amount of ambient seismic noise (1 year: top trace; 3 years: middle trace; and 7 years: bottom trace). Notice that the improvement in signal-to-noise ratio (SNR) becomes marginal once the amount of data exceeds 3 years. The result of frequency-time analysis (FTAN) is shown at the lower panel with the determined dispersion curve shown in white.
noise glitches or jumps in group arrival times. The corresponding phase velocities are obtained using the approach described by Lin et al. [2008] .
[12] For each station pair, we conduct the phase-matched filtering FTAN for the period range of 5-250 s. If the analysis results in no output, due to an abrupt discontinuity in the dispersion measurements, we incrementally decrease the maximum period (from 250 s to 200, 150, 100, 75, or 50 s) to maintain both the quantity and quality of our input data.
[13] In Figure 4 , we show the stacked symmetric CCFs and the corresponding dispersion curves for two representative station pairs spanning the western (station pair PGC-FFC, station distance 1625 km) and eastern (station pair DRLN-FFC, station distance 3064 km) sides of the Canadian continent, respectively (shown in Figure 2 , station locations). The dispersive characteristics of Rayleigh waves can be clearly recognized on traces derived by stacking only 1 year of ambient noise data (Figure 4 , top traces). As the duration of the data used in the stacking increases from 1 to 3 years, the S/N ratios improve accordingly (Figure 4 , middle traces). However, the S/N improvement becomes much less significant when we increase the stacking data set from 3 to 7 years ( Figure 4 , bottom traces), suggesting that the benefit of including data beyond 2009 is probably limited for present purposes.
[14] As our data set covers all the northern states of the U.S. in which ambient noise tomography has been undertaken previously [Bensen et al., 2008 [Bensen et al., , 2009 Shen et al., 2013] , it is important to ensure that the stacked CCFs and dispersion measurements derived in this study are consistent with those reported from earlier studies. For this purpose, we compare our results with the stacked CCFs available from the Data Management Center of IRIS [Barmine and Rtizwoller, 2012, IRIS DMS product] . A representative example is shown in Figure 5 (station codes RLMT and NLWA; locations shown in Figure 2 ). Although the data sets used in the two studies span different years, all the waveform characteristics in the stacked CCF are remarkably similar. The dispersion measurements are essentially identical except at the longest periods (> 90 s) where the difference is about 0.2 km/s due to the deterioration of data resolution. This provides us with confidence in both the data set and analysis employed in this study.
Sur face Wave Tomogr aphy Inver sion
[15] We use the method of Barmin et al. [2001] to derive tomographic images from Rayleigh wave dispersion data. For each period, the inversion estimates the 2-D distribution of group and phase velocity perturbations across a spherical grid of 1°spacing in a damped least-squares sense. The damping is controlled by two parameters specifying the weight of smoothing and the width of the smoothing area. We adopt an empirical approach to determine the optimal combination of the two weighting parameters, by systematically examining the mean and standard deviation of the overall misfit function of the inversion. The parameters corresponding to the least damping with a mean misfit close to zero and a small standard deviation are adopted in deriving our final velocity results which are shown in Figure 6 . A more detailed discussion of our tomographic inversion results will be given in the next section.
[16] There is no universal consensus in the seismological community on the best resolution assessment for tomography inversion results. Several previous studies have argued that the tomographic resolution inferred from the commonly used checkerboard test may be misleading [e.g., Leveque et al., 1993] or difficult to interpret [e.g., Simons et al., 2002] . In this study, we choose the spike-perturbation test, as outlined by Barmin et al. [2001] , to assess the resolution of our results. Specifically, we place a spike-like perturbation at each grid node as the input and obtain the corresponding inversion output. Then, we fit the output with a Gaussian surface and use two standard deviations as the corresponding spatial resolution at that grid node. One advantage of the spikeFigur e 6. Surface wave tomography inversion results using ambient seismic noise data for the periods of (a) 10 s, (b) 35 s, and (c) 50 s. For each period, the phase and group velocity distributions are shown at the top panels. The bottom panels show the corresponding resolution length as determined from the spike-perturbation test (left) and the depth sensitivity kernel (calculated at the location of 55°N, 110°W; right). perturbation test is that it has a clear physical meaning, i.e., the spatial resolution at that node corresponds to the minimum distance at which a neighboring spike can be unambiguously identified. As expected, we find that the spatial resolution to be closely linked to the density of local stations and the number of raypaths (Figure 2 ). 2.5. Conver sion Fr om Sur face Wave Tomogr aphy to 3-D Gr id Tomogr aphy [17] To convert the set of surface wave maps at successive periods into a 3-D shear velocity model, we employ the method of Shapiro et al. [2004a] as implemented by Behr et al. [2010 Behr et al. [ , 2011 . At each 1°grid point, a new dispersion curve is computed by interpolating between the values at successive periods. Each newly derived dispersion curve is then inverted for a 1-D shear velocity profile using the neighborhood algorithm (NA) [Sambridge, 1999a [Sambridge, , 1999b , resulting in 4949 shear velocity-depth profiles. The NA is a direct search method, similar to the Monte Carlo algorithm or simulated annealing, which solves optimization problems by exploring the range of possible solutions in a quasi random manner. It returns best fitting models and an estimate of the distribution of models in the parameter space as a function of their misfit. For each 1-D shear velocity model, the misfit is computed as the least-squares difference between the dispersion curve of the model and the one constructed from the surface wave maps. This approach enables us to evaluate the resolution and the level of ambiguity of each best fitting shear velocity model. We employ the software package Dinver (http://www.geopsy.org) [Wathelet, 2008] which combines the forward modeling algorithm of Dunkin [1965] with an improved version of the original NA. The current version of the Dinver algorithm does not allow for parameterization of a top water layer, and therefore, areas of shallow waters (e.g., lakes or bays) are given a top layer of extremely low shear strength. Inversion results for areas with a thick water column, such as the Pacific and Atlantic Oceans, are disregarded in our analysis.
[18] One hundred new models and their misfits are computed for each of the 300 NA iterations, resulting in 30,000 shear velocity models being evaluated at each grid point. We follow the scheme of CRUST2.0 to parameterize the crustal portion of each model in terms of a stack of five homogeneous, isotropic layers corresponding to sediments, sedimentary basement, upper crust, middle crust, and lower crust. One or two mantle layers are set up to extend the model to upper mantle depths. We assume that the shear modulus is independent of frequency (i.e., shear Q is essentially infinite). This significantly simplifies the forward calculation and can be justified on the ground that our study focus is the crust where Q tends to be larger than that of the mantle. Also, much of the region of study is stable craton typified by large Q values. Although a top layer of sediments may have relatively low Q, its effect is generally negligible in our data due to small thickness (0 to a few kilometers).
[19] Each layer is characterized by thickness, compressional velocity (V p ), shear velocity (V s ), and density. These parameters systematically vary across Canada depending on the local geological setting at each grid point. The NA varies the thickness, V p , and V s but not the density of each layer at each iteration and computes the misfit. Density has been shown to have only minor influence on the resulting dispersion curve [Wathelet, 2005] and has therefore been kept constant at the values of CRUST2.0 in the crust and preliminary reference Earth model (PREM) in the mantle.
[20] To obtain a stable reproducible result, it is necessary to impose some constraints on the parameter space. We achieve this by incorporating a priori knowledge of the shear velocity profile at each grid point. For the crust, we allow the NA to vary each inverted parameter by 20% around the starting model [Bassin et al., 2000] . For the sedimentary layer, upper crust, middle crust, and lower crust, this means that the thickness is allowed to vary in the range of 0-11, 4-26, 5-24, and 3-20 km, respectively. The crustal thickness is taken from the LITH5.0 model [Perry et al., 2002] , where available, and from CRUST2.0 otherwise. Values for the mantle layers are taken from the PREM model [Dziewonski and Anderson, 1981] , and we again allow the parameters to vary by 20%.
[21] We take two different approaches to estimate the uncertainty in the inversion results. The first is similar to the statistical method used by Behr et al. [2011] . For each inverted parameter at a given location and depth, we construct a histogram from the top 10% best fitting models (3000 samples in our case) and then fit the distribution with a Gaussian curve. Two standard deviations are taken as the modeling uncertainty. The second one is a forward modeling approach. For the best fitting model at each grid location, we systematically perturb each inverted parameter and calculate the root-mean-square (RMS) error between the observed and synthetic dispersion curves. Because the overall fit to the phase velocity dispersion curve is 2-3 times better than the fit to the group velocity , we adjust the relative weighting between the two by a factor of 2.5 to prevent the uncertainty estimate being dominated by the group velocity misfit. The parameter' s range of uncertainty is set at the values corresponding to a 5% RMS increase.
[22] At each grid point, we calculate the weighted average of the top 5% best fitting model samples using the inverse of the misfit value as the weighting factor. These weighted best fitting 1-D models are then combined and linearly interpolated between adjacent grid nodes to form the final pseudo 3-D model. The weighted-average approach is a practical Figur e 8. Distribution of the root-mean-square (RMS) misfit of our neighborhood algorithm inversion for the shear velocity structure of Canada and adjacent regions.
Figur e 7. Examples of 1-D shear velocity inversion for four representative grid points. The phase and group velocity dispersion curves are shown at the top and middle panels, respectively. The observed measurements are marked by black plus symbols, whereas the synthetics corresponding to the best fitting model is shown in pink. The Neighborhood algorithm inversion results are shown at the bottom panels. The color of the model space represents the density distribution of samples. The solid and dashed black lines in the middle correspond to the weighted average and the best fitting models, respectively. Dashed red lines mark the sampled model space.
and perhaps better alternative to choosing the best fitting model, especially when multiple model samples have almost the same misfit.
[23] In Figure 7 , we illustrate representative examples of the NA inversion results for points in four different tectonic settings: the Cordillera, the Interior Platform, the Canadian Shield, and the Appalachians (see Figures 1 and 9c for locations). The surface wave dispersion curves are clearly different from one node to another. One important feature in the group velocity dispersion curves is the broad trough in the 15-30 s period range that effectively constrains the depth of the crust-mantle transition [Lebedev et al., 2013] . The trough is the narrowest and shifted toward shorter periods in the Cordillera, where the Moho is generally shallow (Figure 7a) . A broader trough is observed within the craton where the crust is thicker (Figures 7b and 7c ). The trough is of intermediate breadth in the Appalachians where the Moho depths are between that of the Cordillera and the craton (Figure 7d ).
[24] The robustness of the inversions is well illustrated by the concentration of best fitting models in a relatively narrow portion of the model space ( Figure 7 ). For nearly all the NA inversions that we have performed, the results are robust and can be reproduced with different starting models. Figure 8 shows the distribution of best model misfits. Overall, better results are obtained for the Canadian Shield and the Appalachian regions (misfit < 0.07 km/s) than for the Cordillera and the Interior Platform (< 0.15 km/s).
Seismic Inver sion Results
[25] In this section, we first present the surface wave tomography results and then the pseudo 3-D shear velocity results computed from ambient seismic noise CCFs. We emphasize the inferred variations in crustal structures, including the depth and velocity characteristics of the Moho. The dominant frequencies of ambient seismic noise are well suited to studying such depths, in contrast to those of most earthquake tomographic studies that focus on lower frequencies and corresponding greater depths.
Sur face Wave Tomogr aphy-General Features
[26] Since only vertical component waveforms are used in our ambient seismic noise analysis, our surface wave tomography results show the distributions of group and phase velocities of Rayleigh waves. In Figure 6 , we show the velocity distributions, horizontal resolution, and depth sensitivities for three periods (10, 35, and 50 s), which are most sensitive to the depth ranges of 5-15 km, 15-50 km, and 30-80 km, respectively. As described above, the horizontal resolution corresponds to two standard deviations of the best fitting Gaussian surface at each point , and it appears to correlate closely with the raypath density ( Figure S3 in the supporting information).
[27] In general, the group and phase velocity distributions are similar at all periods. At shorter periods (e.g., 10 s, Figure 6a ), velocity anomalies are dominated by large-scale sedimentary basins and upper crust structures. Prominent low velocity anomalies are observed for the Gulf of St. Lawrence Basin in the east, the sedimentary basins of west Canada, and in the Cordillera. In contrast, the Canadian Shield generally exhibits high velocities.
[28] The low velocity signature beneath the Gulf of St. Lawrence disappears at periods larger than 35 s. Similarly, the low velocity anomalies associated with the Cordillera are much less visible. Overall, the velocity contrast between high and low anomalies is smaller, and the high velocities Figur e 9. Pseudo 3-D tomography of Canada and its adjacent regions. The distribution of shear velocity at the depths of (a) 5 km, (b) 25 km, and (c) 50 km is displayed in color with red and blue corresponding to low and high values, respectively. Dashed white lines on the 50 km image mark the location of cross sections shown in Figure 10 , whereas small red circles and crosses correspond to the locations of velocity profiles shown in Figures 7 and 14 , respectively. associated with the craton extend slightly toward the west under the western Canadian sedimentary basin (i.e., the Interior Platform (Figures 1 and 6b) ). Such a westward extension of the high velocity anomaly is even more prominent at longer periods (e.g., 50 s, Figure 6c ).
[29] Generally speaking, our data provide reasonable constraints on Rayleigh wave velocities to latitudes of~70°N. Further north, the station distribution becomes sparse and the image resolution deteriorates. Taking the 10 s period as an example, the large volume of data results in a horizontal resolution of 150 km or less for most grid points south of 55°N, with the highest resolution found in western U.S. where the station distribution is the densest (Figures 2  and S3 ). The spatial resolution also deteriorates with increasing period as the total number of useful CCFs decreases from 67,511 at 10 s to 6,619 at 50 s ( Figure  S3 ). The deterioration becomes progressively worse for the northern region.
Pseudo 3-D Gr id Tomogr aphy
[30] We invert for the shear velocity (V s ) distribution across the study region at 1°intervals. In Figure 9 , we show the pseudo 3-D tomographic images at three depths corresponding to the top sedimentary layer and upper crust (5 km), the lower crust (25 km), and the uppermost mantle (50 km). Three E-W and and three N-S vertical cross sections are shown in Figure 10 .
[31] At 5 km depth, there are a number of prominent low V s anomalies. The most pronounced are on the western side of the continent, including the Cascadia fore arc (the Georgia-Pudget-Wallamette basin of southwestern British Columbia, western Washington, and central western Oregon), the Rocky Mountains of eastern Idaho, western Montana and Wyoming, and the Canadian Cordillera (Figures 1 and 9 ). These low V s anomalies in the northern U.S. have been documented previously using a similar tomography technique [Bensen et al., 2009; Shen et al., 2013] . The low V s signature of the Cordillera and Cascadia fore arc extends to the uppermost mantle. This is particularly evident when comparing the profile through the Canadian Cordillera to that through the western Canadian Shield (Figure 10 , Profiles 1-1' versus 2-2'). We also find that the shallow low velocities beneath the southern Canadian and northern U.S. Cordillera extend north to the Yukon and Northwest Territories (Figure 9 ).
[32] For east Canada, the V s patterns are similar between the western and the eastern parts of the Canadian Shield, as shown by Profiles 2-2' and 3-3' in Figure 10 , respectively. The most obvious shallow low V s anomaly is located beneath the southern Gulf of St. Lawrence sedimentary basin. Another Figur e 10. Three east-west (A-A' , B-B' , and C-C' ) and three north-south (1-1' , 2-2' , and 3-3' ) cross sections showing pseudo 3-D tomography of Canada. Color scale is the same as that in Figure 9 . The image is enhanced by shading the illumination in the vertical direction to better display the velocity discontinuities. The black and red lines correspond to the 50% and 85% V s increase from crust to upper mantle, respectively, and effectively define the depth range of the crust-mantle transition. Red and blue crosses on the top of Profiles A-A' , B-B' , and C-C' mark the approximate locations of the Interior Platform and Canadian Shield, respectively. Geographic locations of these cross sections are given in Figure 9c. low V s anomaly is revealed beneath Lake Superior where an ancient midcontinental rift system has been inferred from geological and geophysical data [Cannon et al., 1989] . However, there is no evidence of thick sediments because the rift system went through a stage of tectonic inversion at 1.1 Ga with the central graben being uplifted by at least 5 km [Cannon et al., 1989] . Consequently, we suspect that the observed low V s anomaly beneath Lake Superior is not a manifestation of a thick sedimentary basin but instead may be an artifact arising from either a leaking effect from the top water layer or some unreliable dispersion measurements at periods of < 8 s.
[33] From the three E-W profiles ( Figure 10 , A-A', B-B' , and C-C' ), it is clear that the highest V s at the uppermost mantle depths is not directly associated with the center of the Canadian Shield. Instead, it corresponds to the stable Interior Platform and the outer rim of the Canadian Shield (900-1400 km in Profile A-A' , 650-2050 km in Profile B-B', and 1000-2500 and 3250-3900 km in Profile C-C'). In general, the central part of the Shield appears to have V s consistently lower than that of the outer rim for all of the resolvable mantle depths.
[34] There are two interesting features in Profile C-C' that are distinct from the other profiles. One is the dome-like high V s anomaly in the middle and lower crust between~20 and 40 km depths just to the west of Profile 2-2' (the region centered at the U.S.-Canada border between Montana and Manitoba, Figure 9b ). The other is the generally broader vertical transition between lower crust and uppermost mantle, a feature we discuss in some detail in the next section.
Cr ust-Mantle Tr ansition
[35] The crust-mantle transition (Moho) was first discovered in Europe as a subsurface velocity interface across which V p rapidly increases from~5.6 to > 7.75 km/s and V s from 3.27 to 4.18 km/s [Mohorovicic, 1910] . Early studies concluded that the Moho generally corresponded to the depth at which the density of earth materials increases dramatically due to either compositional or phase changes [e.g., Adams and Williamson, 1923; Green and Ringwood, 1972; Ito and Kennedy, 1971] . However, as refraction seismology was undertaken in the different parts of the world, geophysicists realized that substantial variations exist in the Moho discontinuity' s depth distribution, the magnitude of the velocity contrast, and its vertical extent [e.g., Cook et al., 2010; Mooney, 1987] . Furthermore, different remote sensing techniques (seismic refraction, seismic reflection, magnetotelluric measurements, etc.) often yield different Moho depths that may correspond to different physical aspects of the crust-mantle transition [e.g., Catchings and Mooney, 1991; Cook et al., 2010; Mooney and Brocher, 1987] . Consequently, an appropriate modifier is usually placed in front of the term " Moho" (such as refraction Moho, reflection Moho, or electric Moho) to indicate the specific geophysical technique employed in the survey [e.g., Cook et al., 2010] .
[36] Globally, the Moho discontinuity is recognized as a large velocity increase from V p~6 .8-7.3 km/s to V p~8 .2 km/s [e.g., Mooney et al., 1998 ]. Using a typical V p -V s relationship derived from laboratory data [Christensen, 1996] , the corresponding V s jump is estimated to be 0.42-0.82 km/s (from V s of 3.73-4.13 to 4.55 km/s). With our new data, we are now able to provide some detail on the nature of this transition. As a descriptor of the Moho velocity transition, in Figure 10 , we mark the two depths at which the V s has increased from a typical crustal velocity to a typical upper mantle velocity by 50% and 85% with the blue and red lines, respectively. The schematic diagram in Figure 11 illustrates how these two depths are determined. Specifically, at each grid point we first identify the lower crust shear velocity (V s,crust ) and the uppermost mantle velocity (V s,mantle ) by searching downward and upward, respectively, from the top (V min ) and bottom (V max ) of the corresponding V s profile (Figure 11 ). The V s,crust is defined at the deepest depth at which the shear velocity increase is less than 60% of the difference between V min and V max and the vertical velocity gradient is less than 0.025 km/s (i.e., 0.1 km/s V s increase over a 4 km interval). Similarly, the V s,mantle is defined at the shallowest depth at which the shear velocity increase is at least 40% of the difference between V min and V max and the vertical velocity gradient is less than 0.025 km/s. The V s increase at a given level is defined as
where r is the percentage of V s increase (e.g., 50% or 85%).
[37] In Figure 12 , the depth range corresponding to this 50%-85% V s increase, hereafter referred to as dZ 50% -85% , is colored in gray. Most of the large velocity gradients occur Figur e 11. A schematic illustration on how the crust-mantle transition is characterized in this study. The lower crust shear velocity (V s,crust ), located at the deepest depth before the crust-mantle transition, and the uppermost mantle shear velocities (V s,mantle ), located at the shallowest depth after the crustmantle transition, define the 0% (gray circle) and 100% (black circle) of the V s increase across the transition. Locations where the Vs increase reaches 50% and 85% are marked by blue and black crosses. Depth and shear velocity at the blue cross is inferred to be Z 50% and V 50% . Depth and shear velocity at the black cross is inferred to be Z 85% and V 85% .
where V s jumps from ≤3.8 km/s to ≥4.2 km/s (Figure 10 ). However, there are exceptions where the downward velocity increase is gradual rather than abrupt. Given the varying thickness of the velocity increase from crust to uppermost mantle, the depth of a specific V s or an abrupt velocity jump (which is the common definition of a " refraction Moho," [e.g., Steinhart, 1967] ) is a limited characterization of the crust-mantle transition. Similarly, the reflection Moho and electric Moho, which have been defined as "the deepest, high-amplitude, laterally extensive reflection or group of reflections" and "a step change in electrical conductivity" present in the vicinity of the corresponding refraction Moho, respectively [e.g., Cook et al., 2010; Jones and Ferguson, 2001; Klemperer et al., 1986] , cannot well serve the purpose in some areas either.
[38] The appropriate definition of the " Moho" depends on the application. While the ambient seismic noise dispersion measurement is not the ideal tool for pinpointing the location of a seismic reflector such as the Moho, it is capable of distinguishing a sharp velocity discontinuity from a gradual one. This is supported by our analysis of modeling uncertainty versus depth ( Figure S4 ). Although the depth uncertainty varies significantly across Canada, it is adequate for the proposed purpose of this study (i.e., < 5 km in most cases). The unique advantage of ambient seismic noise dispersion measurements for distinguishing the sharpness of Moho discontinuity enables us to examine the crust-mantle transition from a novel perspective. For places where the V s increase is gradual, a gradational transition between crustal and mantle properties and probably compositions is implied. We note, however, that it is not yet possible to determine whether the gradational layer is an intercalated mixture of crustal and mantle rocks or another mixed structure.
[39] As a general measure appropriate for many applications, including isostasy calculations, we propose a more comprehensive method of characterizing the crust-mantle transition. In Figure 13 , the depth contours corresponding to V s increases of 50% and 85% from lower crust to uppermost mantle are plotted along with the corresponding velocities, V 50% and V 85% and their differences. Although it is convenient to identify the depth contour of V 85% (i.e., Z 85% ) as a proxy for the "ambient noise" Moho, it is important to realize that the abruptness of the crust-mantle transition is clearly nonuniform across the continent. Most areas beneath which a relatively sharp Moho discontinuity (i.e., dZ 50%-85% < 2 km) is inferred lie beneath the Canadian Shield (Figure 13c ). For other regions, using a single Moho depth to define the crust-mantle transition is probably inappropriate.
[40] To first order, the depth distribution of the 85% crustmantle V s increase (i.e., Z 85% , Figure 13b ) is similar to that presented by Bensen et al. [2009] and Cook et al. [2010] for regions south and north of the Canada-U.S. border, respectively. Our confidence in the results is reinforced by comparing our results at 133 grid nodes in the western U.S. (43°N-49°N, 120°W-102°W ) with the crustal models derived from joint inversion of ambient seismic noise dispersion measurements and receiver functions [Shen et al., 2013] . More than 88% of the Z 85% values fall within 2 km from the reported ranges of Moho depth, and the difference never exceeds 4.5 km.
[41] Relatively thick crust is found surrounding the Canadian Shield, whereas thin crust is associated with active deformation such as that in the Cordillera and Cascadia. Overall, the crustal thickness beneath most of the Canadian craton is in the range of 35-41 km.
[42] The Moho V s , as represented by V 50% and V 85% , shows a clear difference between the Cordillera and the continental interior (Figures 13d and 13e) . Relatively low V 85% (i.e., ≤ 4.1 km/s) is observed beneath the entire western orogenic belt including the Canadian Cordillera, the Columbia plateau, and the Cascadia fore arc. In contrast, most of the Canadian craton and central U. in a previous study using a regional data set of ambient seismic noise [Pawlak et al., 2010] .
[43] For the cratonic region, an overall correlation amongst crustal thickness, Moho V s , and the thickness of the crustmantle transition can be recognized ( Figure 13 ). As the crust thickens from the center of the Canadian Shield outward, the corresponding V 85% and dZ 50% -85% increase as well, except near Hudson Bay where the V 85% appears to be the lowest. Such correlation also is not evident for the Cordillera, either. While the Cordillera has a thinner crust and a lower V 85% than the craton, the thickness of the crust-mantle transition is intermediate, varying between 2 and 5 km.
Large Velocity Gr adients in Midcr ust
[44] Our tomographic results show the existence of large vertical V s gradients within the midcrust in some areas. Examples of such large gradients can be seen in the six cross sections across different parts of the continent in Figure 10 and the V s profiles shown in Figure 14 . The geographic distribution of large velocity gradients is not uniform across Canada, however, and their depth distribution varies from one region to another. In most cases, the V s increase is between 0.2 and 0.5 km/s with larger gradients generally corresponding to lower V s in the upper crust.
[45] The most prominent midcrust V s gradient is beneath the Cordillera, and best illustrated in Figure 10 (Profile 1-1'). Its depth increases to the south. The section just south of Profile A-A' has a large midcrust V s gradient at~5 km depth. It is located at~9 and 11 km beneath the sections around Profile B-B' and to the south of C-C', respectively. In addition, the large midcrust V s gradient is not continuous across the entire Cordillera. Several gaps, each a few hundreds of kilometers long, exist between sections in which the large midcrust V s gradient is clear.
[46] Another region in which a prominent midcrust V s gradient is observed is the craton beneath part of the Canadian Shield. The western half of the Superior Province (between 2300 and 3100 km in Profile C-C' , Figure 10 ; also profiles GL-A and GL-C, Figure 14) shows a clear V s jump at a depth of~12 km. This large V s jump defines the lower boundary of the upper crust.
[47] A large midcrust V s gradient also exists beneath the easternmost section of Profile B-B' where the Canadian Shield meets the Appalachian belt (Figure 10 ). However, it is not common in the Appalachians because similar V s jumps are not observed beneath the easternmost end of the Profile C-C'. Unfortunately, limited data resolution prevents us from obtaining a high-resolution velocity image for this part of the continent. Further investigation with a denser regional seismograph network in the region is needed.
Quantitative Comparison With Previous Models
[48] In this section, we make quantitative comparisons of our results with previous models in the literature that were derived from different data sets. By systematically examining Figur e 14. Comparison of Lithoprobe seismic reflection profiles and the shear velocity profiles of our tomography inversion at 10 selected grid nodes. The original Lithoprobe transect identifier is shown at the top of each reflection profile with the geographic coordinates of each grid node. The thick red and blue lines correspond to the weighted average and best fitting models, respectively. Red circles mark the location of ambient noise Moho which is defined as the location where shear velocity increases by 85% from lower crust to upper mantle. Dashed orange lines mark the Moho depths in the LITH5.0 model that are primarily derived from Lithoprobe data. Thin blue lines mark the model uncertainty as determined from forward modeling. Geographic locations of shear velocity profiles are marked in Figure 9c . and characterizing the different models' similarities and differences, our purpose is to provide an objective assessment of our model in terms of regional variation and data resolution.
Lithopr obe Tr ansects
[49] In Figure 14 , we show 10 V s profiles from our results and compare them with nearby seismic reflection profiles from the Lithoprobe program [Clowes et al., 1984; Cook, 2002] and other studies. The map locations of the 10 V s profiles are marked in Figure 9c (red crosses). These examples are chosen either because they show a gradual crust-mantle transition or because the location of the largest velocity gradient is inconsistent with the previously reported Moho depths. Specifically, we compare five V s profiles in the vicinity of Profile B-B' with Lithoprobe transects AB-CAT1 (at a distance of~1200 km; Figure 10 ), transect THOT-S1a (~1500 km), WS-2a (~2300 km), WS-1a (~2600 km), and another five V s profiles in the vicinity of Profile C-C' with transects GL-C (~2400 km) and GL-A (~2700 km).
[50] The base of deep crustal subhorizontal reflectivity is typically close to our inferred Moho but there are some exceptions. For transect AB-CAT1 passing through the Interior Platform in central Alberta, the bottom part of the zone containing strong seismic reflectors was used in previous studies to define the " reflection" Moho at a depth of 40 km [Perry et al., 2002] . In our results, it corresponds to a velocity increase over a 7 km interval between 33 km and 40 km (V s profiles at 54°N, 115°W and 53°N, 115°W, Figure 14) . Similar situations are observed for transect THOT-S1a through the Western Canadian Sedimentary Basin (55°N, 107°W) and transect WS-2a through the western part of the Superior Craton (50°N, 95°W), except that the Moho discontinuity in the LITH5.0 model is~4 km deeper. Near the northern end of transect WS-1a in the central Superior Craton (52°N, 90°W), the discrepancies among our V s profile, the seismic reflection image, and the LITH5.0 model are apparent as the bottom of the strong seismic reflector zone (i.e., the reflection Moho) is located between the largest velocity gradient at 32-38 km and the Moho depth in the LITH5.0 model (i.e., the refraction Moho) at 43 km.
[51] One of the biggest inconsistencies between the crustmantle velocity gradients found in our analysis and the Moho depths in the LITH5.0 model is observed in the vicinity of Lake Superior, where transects GL-A and GL-C are located. Taking transect GL-C as an example, the V s profile near the northwestern end (48°N, 91°W) shows a large velocity gradient between 36 and 41 km near the bottom of the zone of strong seismic reflectors. In comparison, the Moho depth is reported to be 49 km in the LITH5.0 model, below which another gradual V s increase is observed. Similarly, the V s profile near the southeastern end of transect GL-C (47°N, 89°W) exhibits a big velocity jump at 38-43 km that approximately coincides with the bottom of the strong seismic reflectors (Figure 14) . A much smaller velocity increase is found at 54 km depth where the LITH5.0 model defines the Moho discontinuity, although evidence from the seismic reflection image is unclear.
[52] For the three locations near transect GL-A passing through the center of Lake Superior (49°N, 87°W; 48°N, 87°W; 46°N, 88°W), the largest velocity gradients all correspond to strong seismic reflectors within rather than at the bottom of the reflector zones. Our V s profiles show that the velocity begins to increase gradually at the depths where strong seismic reflectors become apparent, and the increase extends down to the bottom of the reflector zone where the Moho depth is defined in the LITH5.0 model.
Ambient Noise Moho Versus Reflection and Refraction Mohos
[53] In a global review of seismic reflection/refraction studies of the continental lithosphere, Mooney and Brocher [1987] pointed out that the lower crust appears to consist of laminated high and low velocity layers with typical thicknesses of 100-200 m, making it much more reflective than either the upper crust or the uppermost mantle. Therefore, the Moho depth determined from seismic reflection data may involve a clear reflector, but often is defined as the bottom of the reflective layers that generally coincides with the refraction Moho to within a few kilometers. For places with complex lower crustal and/or uppermost mantle structures, however, constructive and destructive interferences among seismic signals from different structures may lead to ambiguous interpretations of the Moho depths [e.g., Catchings and Mooney, 1991; Cook, 2002] . The occasionally significant discrepancies between refraction and reflection Moho depths of as much as 10 km are well documented in the results of the Lithoprobe project [Cook et al., 2010] .
[54] It is important to recognize that the reflection and refraction Mohos are usually determined from V p and P wave impedance contrast, whereas the ambient noise Moho is based on the V s distribution. Shear and compressional wave interface depths are expected to be similar but there is a possibility of differences. A direct comparison between the ambient noise Moho relief determined in this study (Figures 12 and 13 ) and the Moho relief inferred from Lithoprobe reflection and refraction data [Cook et al., 2010, Figures 2 and 3] suggests that all three tend to imply that thin and thick crust is located beneath the Cordillera and craton, respectively. However, for a large portion of the cratonic region, the refraction Moho usually is the deepest, followed by the reflection Moho, and the ambient noise Moho usually is the shallowest. The difference is generally < 5 km. When a significant discrepancy exists between the reflection and refraction Moho, we notice that the ambient noise Moho tends to be more consistent with the one that is better constrained. For example, the local variation in the ambient noise Moho depth beneath central northern Alberta (Figures 13a and  13b) is visible on the refraction Moho, as constrained by several Lithoprobe refraction transects, but not clear on the reflection Moho [Cook et al., 2010] . Similarly, the locally shallower ambient noise Moho beneath the Ontario-Quebec border is more consistent with the reflection Moho that incorporated constraints from a number of reflection profiles but not with the refraction Moho.
[55] There are exceptions in which the three Moho depths do not necessarily follow the downward order of ambient noise, reflection, then refraction. One such example is in central Quebec (e.g., 53°N, 74°W) where the ambient noise Moho is the shallowest (Z 50% and Z 85% at 32 and 36 km, respectively, Figure 13 ) followed by the refraction Moho (~39 km) and the reflection Moho (~45 km). Another similar example is in southern Quebec near the Canada-U.S. border (e.g., 45°N, 73°W). Once again, the ambient noise Moho is the shallowest (Z 50% and Z 85% at 35 and 38 km, respectively), Figur e 15. Histograms showing the depth difference between the crustal model determined in this study and two previous models, (left) CRUST2.0 and (right) LITH5.0. Z 50% , Z 75% , Z 85% , and Z 100% correspond to the depths where the increase of shear velocity is 50%, 75%, 85%, and 100% from the lower crust to the uppermost mantle. The mean value (avg) of all samples is given near the top right corner of each plot. We use the Z 85% as a proxy for the ambient noise Moho because it yields the least overall difference with respect to both CRUST2.0 and LITH5.0 models. followed by the refraction Moho at~42 km and the reflection Moho at~45 km. Notice that the numbers of available Lithoprobe transects, refraction or reflection, for both regions are very few, meaning that the inferred reflection or refraction Moho depths are less constrained.
[56] Further detailed local studies will be required to thoroughly investigate the relationships among different Moho depths and their physical relevance to the crust-mantle transition. In this paper, we provide only an initial discussion on this subject. In theory, different approaches are sensitive to different aspects of the velocity structure. While seismic reflection is best at illuminating velocity interfaces with large impedance contrast, seismic refraction is generally sensitive to the variation of velocity at depth. The difference may result in the refraction Moho being systematically deeper than the reflection Moho, especially if the bottom of the lower crust is not strongly reflective [Catchings and Mooney, 1991] . As we define the ambient noise Moho based on the sharpness of V s variation across the crust-mantle transition, our result should be more sensitive to the overall composition change than to either the impedance contrast or the velocity of the bottom layer of the lower crust.
[57] A recent study of the physical properties of the Paleozoic Cabo Ortegal Complex of NW Spain suggests that the crust-mantle transition is a gradation from felsic gneisses to ultramafic rocks with eclogites and mafic granulties in between [Brown et al., 2009 ]. In such a scenario, the velocity Moho (reflection or refraction) actually corresponds to the boundary between the gneisses and the eclogite at a shallower depth, whereas the petrological Moho is located between the mafic granulites and ultramafic peridotites at a greater depth. The fact that the ambient noise Moho is often located at shallower depths than either the reflection or the refraction Moho seems to imply that the deepest structure of the crust-mantle transition does not necessarily correspond to the largest velocity jump. It may be that the top of our Moho gradient layer marks the beginning of the gneisseclogite transition and the base represents the downward transition to ultramafic peridotite.
Previous Crustal and Tomography Models
[58] Given the large number of previous studies of the seismic velocity structures of North America, it is impractical to compare our results with all the models described in the literature. There are also important issues to be considered before a meaningful comparison can be conducted, including the availability of model parameters, the scale and geographic coverage of each model, and the model resolution. However, to facilitate quantitative comparison of our model with other models of interest, we have compiled a digital Figur e 16. Histograms showing the velocity difference between the velocity model determined in this study and two previous tomography models based on earthquake data, (left) NA04 and (right) NA07. The top and bottom correspond to the depth of 70 and 90 km, respectively. Overall, our results are slightly slower than those reported in previous models, as indicated by the mean value (avg) given near the top right corner of each plot. This systematic difference is likely due to the effect of radial anisotropy in the upper mantle. See text for more details. version of Figure 13 listing the physical parameters of the inferred ambient noise Moho and an ASCII table showing our tomography results (available online as supporting information). For demonstration purposes, we conduct comparisons with two crustal models cited frequently in this paper, CRUST2.0 [Bassin et al., 2000] and LITH5.0 [Perry et al., 2002] , and two recent North American tomography models, NA04 [van der Lee and Frederiksen, 2005] and NA07 [Bedle and van der Lee, 2009] , available in digital form at the IRIS website.
[59] In Figure 12 , we plot the Moho depths of the LITH5.0 [Perry et al., 2002] and CRUST2.0 [Bassin et al., 2000] models as dashed blue and red lines, respectively, to summarize previous observations. Depending on the percentage of V s increase defined in equation 1, the average depth difference between our model and the two previous crustal models may vary from 4.4 km (Z 50% -CRUST2.0) to 6.5 km (Z 100% -LITH5.0), as shown by the histograms in Figure 15 .
[60] Taking the Z 85% as a proxy for the ambient noise Moho, our result is on average 0.6 km shallower than that of CRUST2.0 model. This difference is negligible given the model uncertainty in our inversion. The corresponding standard deviation is 5.8 km. With respect to the LITH5.0 model, our model is on average 0.9 km deeper with a slightly larger standard deviation of 6.2 km. We notice that many of the high standard deviations correspond to nodes at which the discrepancy between the CRUST2.0 and LITH5.0 models exceeds 10 km. In other words, we expect a large discrepancy with respect to one or the other of the two models at these nodes. We list the corresponding Moho depths of the CRUST2.0 and LITH5.0 models in the supporting information to allow comparison at specific nodes/regions.
[61] Both the NA04 and NA07 models provide seismic velocity distributions for the entire upper mantle from 70 km to 670 km at interval of 20 km, whereas our tomography results only have adequate resolution for comparatively shallow depths (< 100 km). Therefore, only the top two layers of the NA04 and NA07 models (i.e., 70 km and 90 km) are used in the comparison.
[62] At a depth of 70 km, our model is on average 0.21 and 0.24 km/s slower than the NA04 and NA07 models, respectively (Figure 16 ). The corresponding standard deviation of the velocity difference is 0.16 km/s for both. Most of the nodes with large discrepancies (i.e., larger than one standard deviation) are located near the boundary of our model where the raypath coverage is not optimal. However, there are places where the difference is large and yet the resolution length is reasonable (e.g., central Canada north of~60°N). Further investigation of these places using an independent data set and/or methodology should be undertaken.
[63] Similarly, for the 90 km depth, the average V s of our model is 0.14 and 0.17 km/s slower than that of NA04 and NA07 models, respectively (Figure 16 ). The standard deviation stays almost unchanged (0.17 for NA04 and 0.16 for NA07), and many of the nodes with V s differences exceeding one standard deviation are the same ones as identified at the 70 km depth. This suggests that the difference between our tomography model and those derived from earthquake data is probably systematic and strongly data dependent. Again, this systematic difference needs to be further examined, especially for applications that require accurate velocities for composition and temperature estimates.
Implications and Discussion
[64] Shear velocity is one of the fundamental physical properties characteristic of earth materials. It is strongly linked to composition and state such as temperature and in turn to the patterns of present deformation and evolutionary history of tectonic/geological structures. The 3-D velocity tomography is especially useful in delineating deep structures and assessing their tectonic implications. In this section, we discuss topics directly relevant to our data and seismological results. Other important subjects for which our data provide new constraints, such as the temperature variations in the lithosphere across different tectonic/geologic provinces and the density distribution within the crust and uppermost mantle, require additional analysis and will be addressed in a subsequent article.
Sur face Geology and Topogr aphy of the Cr ustMantle Tr ansition
[65] In general, the surface geology of Canada (south of 70°N) can be divided into five components, namely, the Cascadia fore arc, the North America Cordillera, the sedimentary basins overlying the craton (i.e., the Interior Platform and the Hudson Bay Platform), the exposed craton (i.e., the Canadian Shield), and the Appalachian orogen [e.g., Wheeler et al., 1997] . Previous crustal models have indicated that the Cascadia fore arc and Cordillera are associated with relatively thin (~35 km and less) crust, whereas the crustal thickness in the stable craton region is 40-45 km [Bassin et al., 2000; Mooney et al., 1998; Perry et al., 2002] . The significant differences in the average elevation and Moho depth have been explained as the thermal isostasy buoyancy effect due to higher lithospheric temperatures in the Cordillera [e.g., Currie and Hyndman, 2006; Hyndman and Currie, 2011] .
[66] While the average crustal thickness inferred from our tomography results is in good agreement with previous models, we notice that the Moho relief within each geological region, as manifest by the depth contours of 50% and 85% V s increase from crust to uppermost mantle, is not as uniform as previously mapped (Figures 10-14) . For example, the Moho depth beneath the Cordillera shows local variations that fluctuate between 25 and 38 km (e.g., Figure 12 , Profile 1-1' ). Locations with particularly shallow crust-mantle transition generally coincide with volcanic areas where the crustal structure may be affected by recent volcanic processes. The Moho topography may also be related to the mechanical strength/rigidity of the lithosphere, and the pattern of mantle flow [Currie and Hyndman, 2006] . It is beyond the scope of this study to determine the exact physics controlling the Moho topography, but our results suggest that the dominant process involves factors that vary locally on scales of 100-1000 km.
[67] Even within the cratonic region, there are significant regional variations in the crustal thickness are observed (Figures 12 and 13) . While the general trend of the Moho depth increases from north to south, there are clear local highs and lows along the E-W direction (Figures 12, Profiles A-A' , B-B', and C-C', 13a, and 13b). Previous studies on the effective elastic thickness of the lithosphere also show significant variations for different parts of the craton [e.g., Burov et al., 1998; Flück et al., 2003; Hyndman et al., 2009; Mareschal et al., 2005; Wu, 1991] . Such variations have been attributed to the strong lateral variations in the thermal regime of the lithosphere [Flück et al., 2003; Hyndman et al., 2009; Wang and Mareschal, 1999] , large-scale crustal heterogeneity [Burov et al., 1998; Guillou-Frottier et al., 1996] , or both [Mareschal et al., 2005; Wu, 1991] . Our results suggest that the lateral variation of crustal structures, including the thickness, may also play a role in controlling the effective elastic thickness of the lithosphere.
Sharpness of the Crust-Mantle Transition
[68] The sharpness of a velocity interface can be characterized by two parameters: its thickness and the amount of velocity change. For the same velocity change, a sharp interface means that it is very thin with a large velocity jump, whereas a diffused one spans a finite depth range with a gradual velocity variation. Most previous studies using global crustal models, however, have not adequately addressed the sharpness of the crust-mantle transition. Our results provide systematic estimates of the thickness and corresponding V s increase of the crust-mantle transition for most of the North American continent north of 40°N that, in turn, could help constrain interpretations of the formation and subsequent tectonic evolution of the continental crust.
[69] It is interesting to point out that there is a slight anticorrelation between the crust-mantle transition thickness dZ 50% -85% and the amount of velocity change dV 50% -85% (Figures 13c and 13f) . Overall, the Canadian Shield is associated with a relatively smaller dZ 50% -85% and a larger dV 50% -85% . As the dZ 50% -85% increases from the Canadian Shield outward, the corresponding dV 50% -85% decreases accordingly, but the relationship is not linear. One exception is the American midwest region between 90°W and 100°W where both the dZ 50% -85% and dV 50% -85% are large.
[70] It has been suggested that the structural details associated with the crust-mantle transition may be too complex and varied for a single, universally applicable interpretation of the continental Moho discontinuity [Cook et al., 2010] . In fact, a comprehensive compilation of the " geophysical" Moho distribution from Lithoprobe data have concluded that the continental Moho discontinuity is not a simple boundary and may not always coincide with the petrological Moho [e.g., Cook et al., 2010; Moores, 1982] , although a large portion of Canada remains unexplored by Lithoprobe-type transects. Our ambient noise tomography results confirm that the crust-mantle transition is characterized by a finite zone whose thickness and velocity contrast may vary from one geological/tectonic region to another.
[71] If we take the seismic velocity as a reasonable proxy for the density and composition of crustal materials [Christensen and Mooney, 1995] , then the sharpness of the ambient noise Moho can be viewed as a first-order indicator of how much the position, geometry, and physical properties of the crustmantle transition have developed over the geological history. Further studies with high resolution at local and regional scales are obviously needed to better understand the geological and tectonic significance of the variations in the sharpness of the ambient noise Moho.
Tectonic Significance of the Lar ge Midcrust Velocity Gr adients
[72] The original discovery of a common midcrust velocity discontinuity, often called the Conrad discontinuity, was based on seismic signals refracted from a velocity interface located at a depth of 15-20 km with V p of~6.5 km/s [Richter, 1958] . Although it was first interpreted to be the boundary between a granitic upper crust and a basaltic lower crust, later research indicated that such a simple interpretation could not explain the observed complexity [e.g., Fountain and Christensen, 1989] . Not only is the midcrust discontinuity far less frequently observed than the Moho, but the corresponding seismic velocities are often not those of typical granitic or basaltic compositions [Christensen and Mooney, 1995] .
[73] One recent explanation for a midcrustal boundary was provided by Mazzotti and Hyndman [2002] based on the distribution of regional seismicity, heat flow measurements, geodetic data, and numerical modeling of the northern Cordillera region. They proposed that the lower crust is weak due to consistently high temperatures beneath the Cordillera and other current or recent back arcs. According to that model, there is ductile detachment in the middle to lower crust that allows substantial relative motion between the quasi rigid upper and the lowermost crust and upper mantle. We speculate that the large midcrust velocity gradients observed beneath the Cordillera, as described in section 3.4, are also related to such midcrustal detachment zones. The midcrust velocity contrast in this region probably represents a thermodynamically controlled interface that may have played an important role in the regional thick-skinned tectonics.
[74] For the large midcrust velocity gradient beneath part of the Canadian Shield (Figures 10, 13, and 14) , the most straightforward interpretation would be a relict rheological boundary between the upper and lower crust formed at earlier times when temperatures were much higher. The corresponding velocity difference may be explained by a change of composition from an average mix of 45% granitic gneiss and 5% amphibolite at the upper crust depths to 15% granitic gneiss and 35% amphibolite in the lower crust [Christensen and Mooney, 1995] . Depending on other possible factors such as the depth of the discontinuity and its sharpness, the exact compositional ratio may vary from one place to another.
Possible Effect of Anisotr opy
[75] The velocity structures derived from our tomography inversion are assumed to be isotropic. This assumption is obviously simplistic for places where azimuthal anisotropy has been demonstrated previously, such as in Cascadia [Currie et al., 2004; Eakin et al., 2010; Rieger and Park, 2010] , the Superior province , and the Appalachians [Barruol et al., 1997; Levin et al., 1999] . Based on earthquake data, Yuan and Romanowicz [2010] estimate the amount of azimuthal anisotropy in the upper mantle beneath the North America craton to be of the order of 1%.
[76] In a recent global earthquake surface wave dispersion study, Nettles and Dziewonski [2008] pointed out that the transverse component of shear velocity (i.e., V SH ) is on average 2-6% faster than the radial component (V SV ) at the uppermost mantle depths beneath Canada. Using the dense U.S. Transportable Array ambient noise data, Moschetti et al. [2010b] concluded that the mean amplitude of radial anisotropy in the lower crust and upper mantle beneath the western U.S. are 3.6% and 5.3%, respectively. Because both NA04 and NA07 models are derived from inversion of shear and Rayleigh waveforms of moderate magnitude (M s ≥~5) regional earthquakes located around the periphery of the North America continent, the reported V s values presumably represent the isotropic V s , which is approximately the mean of V SH and V SV . In contrast, the V s values determined in our study are in fact V SV because our data set contains only Rayleigh waves. Therefore, a 2-6% radial anisotropy at the uppermost mantle would yield a velocity reduction of 0.05-0.14 km/s between our results and the two previous models. This estimate is somewhat smaller than that shown in Figure 16 . Further studies to characterize the amount and distribution of both azimuthal and radial anisotropy beneath Canada are needed.
Future Effor ts
[77] Although the data set used in constructing NA07 contains considerably more raypaths than earlier versions due to incorporation of additional earthquake sources and the deployment of the temporary U.S. Transportable Array, the data coverage for Canada is still not ideal. Nonetheless, a big advantage of earthquake data is that the seismic energy can penetrate to great depths, and thus, earthquake tomography is often capable of resolving deep structures. In contrast, ambient seismic noise tomography does not require welldistributed earthquake sources but the data generally do not have sufficient low-frequency energy to resolve velocity anomalies at depth.
[78] One possible effort is to take a hybrid approach to integrate the data constraints from both earthquake and ambient noise sources. We have experimented with this approach by incorporating a small set of earthquake dispersion curves [Darbyshire, 2005; Darbyshire et al., 2007] into our analysis, but so far with limited success. Taking the phase velocity measurements for the station pair ATGO-ATKO as an example, the dispersion curve derived from ambient seismic noise has good S/N in the 3-23 s period range, whereas the dispersion curve from earthquake data spans 24-186 s. However, there is a sudden 0.1 km/s jump between the upper end of the ambient noise dispersion curve and the lower end of the earthquake one. Similar discrepancy was described previously and thought to be the result of differences in the sensitivity kernels for surface waves from earthquakes and those contained in the ambient seismic noise [e.g., Yao et al., 2006] .
[79] We suspect the jump to be an artifact arising from the different processing procedures and controlling parameters employed in different studies (e.g., the assumed number of cycles between station pairs). Several other recent efforts of joint interpretation of ambient seismic noise and earthquake dispersion data also observed a discrepancy between earthquake and ambient noise dispersion curves, although the disagreement was smaller and diminished as more earthquake measurements are added to the data set [e.g., Moschetti et al., 2010a; Shen et al., 2013; Zhou et al., 2012] . In other words, it may not be appropriate to simply combine dispersion measurements found in the literature with the seismic ambient noise dispersion curves to form a hybrid data set. A systematic and uniform reprocessing of an expanded data set is probably necessary to ensure internal consistency.
[80] A logical next step to better resolve the crustal thickness and velocity structures of our model is to combine constraints from dispersion data and other types of measurements that are more sensitive to velocity contrast at depths. This can be achieved, for example, by jointly inverting receiver functions with dispersion curves, as demonstrated by the recent study of Shen et al. [2013] for the central and western U.S. A similar effort for Canada is planned in the near future.
[81] Finally, our results can provide important constraints on the density distribution within the crust. Given the relatively flat surface topography throughout most of the cratonic region, the observed relief of the crust-mantle transition cannot be interpreted as an Airy isostatic effect (i.e., lateral density contrasts must exist). Furthermore, an overall correlation between a relatively thick crust (> 40 km) and a relatively high Moho V s (≥4.25 km/s) can be established for the cratonic region ( Figure 13 ). Such correlation could be qualitatively explained in terms of local density variations according to the linear velocity-density relationship determined from laboratory data for continental crustal materials [Christensen and Mooney, 1995] . However, a quantitative approach to determine the density and temperature distributions from our tomography model is not straightforward: that analysis is the focus of a forthcoming paper (Currie et al., manuscript in preparation, 2013) .
Conclusions
[82] The long geological evolution of Canada has involved many tectonic processes operating over an area of 10 million km 2 and a time span of 4 Gyr. This paper presents the first continental-scale study of the shear velocity structure of Canada and the adjacent region using ambient noise tomography, providing better resolution and more homogeneous coverage than previous tomographic studies based on earthquake waveforms.
[83] The vertical component of continuous waveform data between 2003 and 2009 from 788 broadband seismograph stations in Canada and adjacent regions are collected and processed following the procedures described in Bensen et al. [2007] . Stacked cross-correlation functions of all station pairs are analyzed with a phase-matching filter to obtain both the group and phase velocity dispersion curves of the Rayleigh wave. The dispersion measurements for regions overlapping with previous studies are consistent with published results and our results indicate that improvement in the signal-to-noise ratio of the stacked waveforms becomes marginal once the amount of data exceeds 3 years.
[84] Surface wave tomography inversion is carried out from the dispersion data to estimate the phase and group velocity distribution at 1°interval for periods between 5 and 100 s. In general, the patterns of group and phase velocity distributions are similar to each other at all periods. At shorter periods (e.g., 10 s), prominent low velocity anomalies are observed in the Gulf of St. Lawrence in the east, the sedimentary basins of west Canada, and the Cordillera. In contrast, the Canadian Shield exhibits high velocities. The velocity contrast between high and low anomalies becomes smaller at longer periods (e.g., ≥35 s), and the high velocities associated with the craton appear to expand slightly toward the west under the western Canadian sedimentary basin.
[85] For each grid point, a 1-D shear velocity (V s ) profile is inverted from the dispersion data using the neighborhood algorithm [Sambridge, 1999a [Sambridge, , 1999b . The resulted 4949 V s profiles are then combined into a pseudo 3-D V s model that extends down to~100 km depth. Overall, the inner part of the Canadian Shield has V s consistently lower than that of the outer rim throughout the mantle depths resolvable by our data.
[86] To better characterize the nature of crust-mantle transition, we propose that both the thickness and the amount of velocity increase should be included in addition to the depth and velocity of the Moho discontinuity. In this study, the ambient noise Moho is defined as the depth where the V s increase is 85% from the typical value in the lower crust to uppermost mantle (Figure 13 , Z 85% and V 85% ). Such defined Moho is slightly different from other types (e. g., reflection Moho, refraction Moho, or electric Moho), but the difference is generally less than 5 km. The thickness of crust-mantle transition is defined as the depth difference between places where the crust-mantle V s increase is 50% and 85% ( Figure 13 , the dZ 50%-85% ). We have observed considerable variations in the depth, V s , and sharpness of the crust-mantle transition across Canada. For the cratonic region, an overall correlation among the crustal thickness, Moho V s , and the thickness of the transition can be recognized except in the Hudson Bay area where the Moho V s is relatively low. Such correlation does not seem to hold for the Canadian Cordillera, either, where a modestly sharp transition is associated with thin crust and low Moho V s .
[87] Prominent midcrust V s gradient is observed beneath the Cordillera and in the craton beneath part of the Canadian Shield. While the midcrust velocity contrast beneath the Cordillera may be related to a detachment zone due to the consistently high temperature beneath, the large midcrust velocity gradient beneath the Canadian Shield could be interpreted as an ancient rheological boundary between the upper and lower crust with an average mix of 45% granitic gneiss and 5% amphibolite in the upper crust and 15% granitic gneiss and 35% amphibolite in the lower crust.
[88] Quantitative comparison of our tomography results with previous earthquake-based tomography models reveals that the V s derived from ambient seismic noise is slightly lower (by~0.2 km/s at 70 and 90 km depths). This is likely caused by the effect of radial anisotropy in the uppermost mantle. An initial attempt to build a hybrid data set containing dispersion measurements from both ambient noise and earthquakes was not successful because the measurements are internally inconsistent. A systematic and uniform reprocessing of an expanded data set is probably necessary for this approach to work. Other research efforts in our plan include extending the current study to Love waves, characterizing the amount and distribution of both azimuthal and radial anisotropy beneath Canada, and estimating the density and temperature distributions from our tomography model.
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